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Introduction
Quarks and gluons o f high momentum produced in e +e~ annihilation form jets, which preserve the energy and the direction of the primary partons. The Z° resonance is ideal for a test o f quantum chro modynamics (QCD) [1] for the following reasons: (a) Hadronization effects are small at such a cen ter of mass energy, Jets are more collimated than those at lower energies, (b) The hadronic cross sec tion is large, (c) Initial state hard photon radiation is strongly suppressed.
There is only one free parameter in QCD, which can be chosen as the strong coupling constant evs at the scale ¡1 = Mz. We have determined a s from the fraction of 3-jet events and also from energy energy correlations at the Z° resonance [2, 3] . With this pa rameter known, all QCD matrix element calculations can be tested by comparing the measured jet distri butions in multi-jet events to the theory.
Previously we have studied angular correlations in 4-jet events produced at the Z° resonance [4] and the fraction of 3-jet events as function o f a jet resolu tion parameter [2] , In both these cases the measured distributions are reproduced by second order QCD calculations.
Here we present a study of 43 000 3-jet events ob served at yfs -91.2 GeV in the L3 detector at LEP, We measure (a) the jet energy distributions, and (b) the orientation of the jets with respect to the beam direction. The data are compared to second order QCD calculations and also to an alternative scalar gluon model.
Theoretical basis
For unpolarized beams, an event of type e + e 3 jets can be described by four independent kinematical variables (apart from the jet masses): the energy of the first jet normalized to the beam energy, x \; the en ergy of the second jet normalized to the beam energy, x 2; the polar angle of the first jet with respect to the e " direction, 0\ and the angle between the jet plane and a plane spanned by the first jet and the beam, X-Here we do not distinguish between quark, antiquark and gluon jets. We refer to the most energetic jet as the "first jet", i.e. X\> x2 > x 3 and x\ -f x2 + *3 = 2.
Figs. la and lb illustrate those definitions.
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The differential cross section for the process e +e 3 jets can be written in the general form
where the sum extends over four different Z° spin states and interference terms i [ 5 ]. % While the functions ƒ ' are determined by the ini tial state (e+ e_ ) and the exchanged boson (Z°), the 1 helicity cross sections d a '/d x id x 2 are sensitive to the final state strong interactions (qqg) and depend on the gluon spin (0 or 1). In lowest order, their form does not depend on the strong coupling con stant, which appears as an overall factor. The helicity cross sections have been evaluated first for massless partons and photon exchange to 0(t*s) in ref. [6] for vector gluons (QCD) and in ref [7] for scalar gluons. Later the calculations have been refined by in cluding mass effects [8 ] , Z° exchange [5 ] , and O ( a l) corrections [9] (for the spin-1 case). The scalar gluon model is not compatible with var ious other measurements, in particular the energy de pendence ofjet rates [2] . Its purpose in this context is to provide a consistent theoretical alternative to QCD to show the sensitivity of the measured distributions.
Integrating (1) over the angular variables gives da da u dx\ dx2 dxi d x 2 + d a L (2 ) most energetic jet Here only the terms corresponding to transverse un polarized Z° bosons (a u ) and longitudinally polar ized Z°s ( a L) contribute. This distribution and also the integrals o f eq. (2) over X\ or X2 are quite dif ferent for vector and scalar gluons and thus allow to discriminate between these models. The difference is mainly due to the poles at X\ = 1 and x 2 -1, which exist in QCD but not in the scalar gluon model. Also For the present analysis, we use the data collected in the following ranges of polar angles: -for the electromagnetic calorimeter, 42° < 6 < 138°, -for the hadron calorimeter, 5° < 6 < 175°. The fine segmentation of these detectors allow us to measure the axis of jets with an angular resolution of approximately 2.5°, and to measure the total energy of hadronic events from Z° decay with a resolution o f about 10% [13]. where £Vis is the total energy observed in the detector, E\\ is the energy imbalance along the beam direction, and E± is the transverse energy imbalance. An al gorithm was used to group neighbouring calorimeter hits, which are probably produced by the same par ticle, into clusters. Only clusters with a total energy above 100 MeV were used. The algorithm normally reconstructs one cluster for each particle produced near the interaction point. Thus the cut on the num ber of clusters rejects low multiplicity events (e+e_ , jx+//", r + r " ). In total 82 300 events were selected. Applying the same cuts to simulated events, we find that 97% of the hadronic decays from the Z° are accepted. The contamination from final states e +e" , x +r~ and hadronic production via two photon processes in the event sample is below 0.2% and can be neglected.
Selection of hadronic events
Monte Carlo events were generated by the parton shower programs JETSET 7.2 [14] andHERW IG4.3 [15] with values for the QCD scale and fragmenta tion parameters as determined from a fit to our data [3, 16] . The generated events were passed through the L3 detector simulation [17] #i which includes the ef fects of energy loss, multiple scattering, interactions and decays in the detector materials and beam pipe.
Analysis of 3-jet events
Jets are reconstructed out of clusters in the calorim eters. We have investigated several jet algorithms to optimize the angular resolution o f the jets. The best method starts with the "JADE" version [19] of an invariant mass algorithm. In this recombination scheme, there is a close agreement between jet rates at parton and detector level. The jet angular resolution is improved by (a) adding up the four momenta of the clusters within a cone of half opening angle of 30° around the initial jet directions, (b) redefining
To simulate hadronic interactions the program GHEISHA is used, see ref. [18] , the jets as the sums o f four momenta, and (c) iter ating the procedure until it converges. The initial jet directions are those given by the JADE algorithm. As a cross check to this method, we also use a different jet algorithm, with only angular criteria on energy or dered clusters for recombination, as used by CELLO [20] . The second method gives a comparable jet an gular resolution, but is inferior in determining the correct jet multiplicity, A jet resolution parameter y cm ^ 0.02 correspond ing to a jet pair mass of 13 GeV or more is used to se lect 3-jet events for this analysis. We divide the event The angles x and co have been reconstructed using the two most energetic jets to define the event plane.
The detector resolution has been studied using Monte Carlo events generated by the parton shower program JETSET 7.2, as described in the previous section. Table 1 summarizes the detector resolution for the Dalitz plot and orientation variables. We have chosen bin widths typically twice the size of the res olution so that bin-to-bin migration is small.
We find that the observed distributions can be de scribed by the JETSET 7. 2 and fig. 4 show the mean values of the vari ables * 2, x 3 and cos A for the six y cui intervals. The errors include statistical errors and systematic un certainties in the detector correction. The systematic Table 2 Measured mean values of the variables *2, -£3, cos A as a function of .ycut, corrected for detector effects. The errors include statistical and systematic uncertainties. 
3-jet events at generator level migrate to a different category at detector level, while non-3-jet events at generator level can become 3-jet events at detector level. From a Monte Carlo study both effects are found to be small (~ 5%) and have been corrected for again on a bin-by
Theoretical models
To compute the QCD predictions we use the ma trix element option in JETSET 7.2 which is based on the calculations given in ref. [21] and includes terms up to O (as) for the jet energy distributions. We applied the approximate 0(o¡s) correction [9] Table 3 Parameters a, p and y as a function of yC nu corrected for detector effects. The errors include statistical and systematic uncertainties. to the jet plane orientation, which is available only to 0(a<|) in the original program version. We used a value o f as measured from the 3-jet rate [2] and a renormalization scale fi2 -0.08s. The distri butions calculated to second order in a s deviate only little from those obtained in first order; the biggest effect is seen in the parameter a in eq. (4), which is increased by up to 0.05; this change is small compared to the experimental error.
To simulate the hadronization process we again use the matrix element option in JETSET 7.2 with fragmentation parameters as determined from a comparison of predicted and measured distributions for several event shape variables. The effect of hadroniza tion is small. Table 1 Statistical uncertainties due to limited Monte Carlo generator statistics can be neglected, since we gener ated event samples exceeding the size of the data event sample by more than a factor of 10.
Results and comparison to theoretical models
We compare the measured two-dimensional distri butions in the variables x2, x$ (eq. (2 )) and cos#, x fig. 2a ex hibit a strong rise for x2 -> 1 as expected from the pole in QCD, but not predicted in the scalar gluon Table 4 Results of a comparison of measured two-dimensional dis tributions in the variables x2, x 3 and cos#, x the predic tions of the vector and scalar gluon models. Given are the X 2 value, the corresponding number of degrees of freedom and the probability. For the comparison of the Dalitz plots only those bins have been considered in which there are at least 0.1% of the total number of events.
2-dim.
Vector gluons Scalar gluons distribution^2 /N D F probab. X 2/N D F probab. The comparison between data and theory using the alternative jet algorithm gives results comparable to those described above.
^ X3
Comparison to previous measurements
Measurements of the Dalitz plot variables and of the Ellis-Karliner angle, and comparisons to firstorder QCD and the scalar gluon model, have been published previously [11, 22, 20, 23] , These analyses were based on relatively small event samples ( 100-2000 3-jet events) obtained at center of mass ener gies around 30 GeV, where hadronic final states are produced dominantly via y exchange. Due to large fragmentation effects for low energy jets only events corresponding to yC ut > 0.07-0.10 could be used. As a consequence the pole structure in the distribution of the variables X\ and x2, which is predicted for vector gluons only, can not be seen very well. In all previous studies the first order QCD predictions were found to agree with the measurements, while the scalar gluon model could not reproduce the data.
Also the orientation of 3-jet events has been studied using about 2000 events corresponding to ycut ^ 0.15 at y/s « 30 GeV [24] . QCD to first order reproduces the measured distributions; a comparison to the scalar gluon model has not been made.
Summary and conclusions
We present the first study of the jet energy distri butions and the event orientation for a large sample of 3-jet events at y/s = 91.2 GeV. The measured dis tributions and also their dependence on the invariant mass of the two least energetic jets are reproduced by second order QCD. An alternative scalar gluon model fails to describe the data.
